ABSTRACT− In this two-part paper, a topological analysis of powertrains for refuse-collecting vehicles (RCVs) based on the simulation of different architectures (internal combustion engine, hybrid electric, and hybrid hydraulic) on real routes is proposed. In this first part, a characterization of a standard route is performed, analyzing the average power consumption and the most frequent working points of an internal combustion engine (ICE) in real routes. This information is used to define alternative powertrain architectures. A hybrid hydraulic powertrain architecture is proposed and modelled. The proposed powertrain model is executed using two different control algorithms, with and without predictive strategies, with data obtained from real routes. A calculation engine (an algorithm which runs the vehicle models on real routes), is presented and used for simulations. This calculation engine has been specifically designed to analyze if the different alternative powertrain delivers the same performance of the original ICE. Finally, the overall performance of the different architectures and control strategies are summarized into a fuel and energy consumption table, which will be used in the second part of this paper to compare with the different architectures based on hybrid electric powertrain. The overall performance of the different architectures indicates that the use of a hybrid hydraulic powertrain with simple control laws can reduce the fuel consumption up to a 14%.
INTRODUCTION
The rising cost of oil production and the dependence of the transportation sector on fossil fuels, combined with the need for a rapid response to the global warming challenge, provide a strong impetus for the development of fuel-efficient vehicle propulsion systems. Hybridization is the only approach offering significant energy breakthroughs in the short and midterm. hybridization seems to be the technical option which fits better into smaller vehicles such as sedan and family cars. Refuse-collecting vehicles and urban buses remain on an intermediate situation.
The main scope of this research is not to improve knowledge on hybrid hydraulic systems, which have been studied by other authors (M. Esfahanian et al., 2013 , Baseley et al., 2012 , Filipi and Kim 2010 , Kim and Filipi 2007 , Wu et al., 2002 , Wohlgemuth et al., 2013 , Surampudi et al., 2009 , Wu et al., 2004 , Bender et al., 2013 in the past, but to study the impact of the use of this type of powertrains into RCVs. From an application point of view, commercial proposals are available in the market to hydraulically hybridize a powertrain in parallel (Bosch 2012) , in series (Parker 2013) or by using two powertrains applied on different vehicle wheels (Proclain 2015) .
In a previous work (Soriano et al., 2014) , fuel consumption modelling of refuse-collecting vehicles powered from an ICE have been proposed and their accuracy estimated on real routes.
In another recent work (Soriano et al., 2015) , specific algorithms have also been developed to identify the driving mode in real time in which the vehicle is running, which is closely related to the power consumption mode.
In this work, these energetic models are used to design powertrain architectures and estimate the efficiency of these topologies on a set of real routes. The algorithms to identify the driving mode in real time are also tested to measure its contribution to the powertrain efficiency.
The present work is organized as follows: first, a data-logging system, that it is used to register the routes in which the powertrain models are tested, is introduced. Second, a general investigation, to understand how an ICE is working in regular cycles, is presented and the potential of powertrain hybridization is analyzed. Third, the drive cycles, in which the powertrain model will be tested, are presented and some of their singularities are explained. Fourth, the ICE and the hybrid hydraulic powertrain models are analyzed and their components are defined one by one. Fifth, the artificial intelligence system which estimates in which driving mode the powertrain is operating is mentioned, despite the fact that it is not developed in the present work but in a previous one (Soriano et al., 2015) . Sixth, the calculus engine, which has been developed specially for this work, is disclosed and its estimation details are presented. Finally, the performance of the ICE-based powertrain and the hybrid hydraulic powertrain models is estimated on real routes using the proposed calculus engine. The results are discussed with relevant conclusions.
REFUSE-COLLECTING VEHICLES AND DATA ACQUISITION SYSTEM
A refuse-collecting vehicle is a heavy vehicle that contains a mobile machine (a refuse container lifter and a refuse compactor, hereinafter referred to as "the body ancillaries"). As they are energized from a single engine, the powertrain must deliver energy with two purposes, the first one is for the vehicle traction, and the second one is to power the body ancillaries.
An automotive data acquisition system (Soriano et al., 2014) is installed on board to collect all the data that are potentially interesting to model the energy consumption of both the body ancillaries and the vehicle traction. To avoid interferences in the regular work of vehicle drivers and operators, this system is installed in places rarely reached by the workers. The on-board datalogging kit is composed of:
• The first port of the CAN data logger is connected to the J1939 CAN bus of the vehicle; no filters are implemented on this port so all the information available is logged.
The second port is connected to a small CANOpen network, consisting of a GPS device, a PLC with CAN ports for mobile applications, and an inclinometer. The two pressure sensors are plugged to the hydraulic circuits of the body ancillaries (compactor and lifter) and wired to the analogue inputs of the PLC. The values read are sent into the CANOpen network.
Using the data-logging kit, a significant quantity of data was collected every day from a single RCV from April 2013 to June 2013 in Barcelona. The data were afterwards post-processed using software based on Matlab (Soriano et al., 2014). 3. CHOSEN DRIVE CYCLES Table 1 shows the list of routes logged with the described data-logging kit and chosen for powertrain simulations. These routes were registered in a regular RCV service in Barcelona (in the areas: Bordeta, Spain Square, Poble-Sec, Paral·lel), the experimental data shows the maximum slope is lower than 7% and the maximum vehicle acceleration value is 1.4 m/s 2 . Routes numbered from 1 to 14 represent routes without abnormal situations. The route numbered 15 belongs to a route in which the vehicle had to operate as a rescue vehicle. This means that after finishing its regular route, it had to substitute another vehicle, which suffered a breakdown and had to come back to the base with its route unfinished and the refuse not collected.
ANALYSIS OF THE INTERNAL COMBUSTION ENGINE
To understand the efficiency improvement potential of the powertrain hybridization, two algorithms have been developed to analyze the operation of the internal combustion engine in a standard RCV powertrain. The ICE studied with the first algorithm is a 200-kW natural gas unit.
The first algorithm registers the torque (J1939 SPN 513) and RPM (J1939 SPN 190) of the ICE, acquiring data at 10 Hz during the whole working route. By plotting the logged data on a graphic (see Figure 3) , the density of samples at each RPM (abscissa) and torque (ordinate) can be observed. The coloured areas in red mean a high density sample, while the coloured areas in blue mean a low density sample. In Figure 3 , three areas containing a higher density sample can be clearly identified. These three areas have been marked with red balloons on Figure 4 :
The first area, labelled as 1, belongs to the samples when the ICE has been idle (vehicle stopped due to traffic or waiting to collect refuse). This area has the highest number of samples of all identified areas.
The second area, labelled as 2, belongs to the samples when the vehicle is stopped but the body ancillaries are working. No traction power is needed but power to energize the body is consumed. This is the area with the second highest number of samples. The third area, labelled as 3, belongs to the interval of time when the vehicle is being driven from one stop to another. Usually this manoeuvre is performed at full throttle. This is the area with the third highest number of samples.
In Figure 5 , the efficiency map of the gas engine is shown over Figure 3 . The isoconsumption trajectories/lines can be appreciated with the associated fuel consumption values.
Comparing the areas with high density samples ( Figure 3 ) with an efficiency map (Brake Specific Fuel Consumption/BSFC in g/kWh) as in Figure 5 , it must therefore be concluded that the ICE of a standard RCV working on a regular refuse-collecting route tends to work far from the high efficiency points. The second developed algorithm to analyze the ICE operation estimates the instantaneous engine power and also its average value from the previously mentioned engine RPM and torque, during the whole collecting cycle and plots both versus time. The studied ICE is a 220-kW diesel unit. In Figure 6 , the instantaneous power (in blue) and its average value (in red) can be observed for a whole refuse-collecting drive cycle.
Despite the fact that maximum peak power values are over 200 kW, the average value of power is from 40 kW to 70 kW for the complete set of analyzed routes.
The main conclusions of this section are that the ICE hardly ever works at high efficiency points and it works far from the maximum power points most of the drive cycle. A series hybrid vehicle can maintain its engine working at high efficiency points independently of the total instantaneous power demanded by the powertrain or its speed. This has demonstrated that a series hybrid vehicle is more efficient in similar drive cycles such as urban buses (Zhengce 2009 ). For this reason, it is decided in this paper that a series hybrid vehicle be chosen as powertrain architecture.
HYDRAULIC VEHICLE MODEL
The proposed powertrain architecture in this work is composed of three main elements: a hydraulic accumulator as the energy storage system (ESS), an ICE as the energy generation system (EGS), and a hydraulic motor/pump as the energy consumption/generator system (ECS).
In Figure 7 , the proposed topological design in this work is introduced. The cardan of the vehicle is linked to the hydraulic motor of the vehicle through the gearbox which remains the same as in the original vehicle (with ICE).
Depending on the position of the directional valve, the 'Variable Displacement 2-Way' element, the hydraulic motor will act as motor or as pump, consuming power from the 'High Pressure Line' or adding power to the 'High Pressure Line'. This schema does not intend to be an exhaustive design but a conceptual proposal which will help to understand the hybrid powertrain architecture. 
Hydraulic Motor and Pump Model
The motor/pump model proposed (referred on Figure  7 as 'Variable Displacement 1-or 2-Way) is an electronically controlled variable displacement motorpump with fixed stroke pistons and electronicallycontrolled digital valves (no swash plate or bent axis), (Wadsley 2011) . The main reason for working with this technologic concept is that the hydraulic motor can match any pressure at the high pressure rail with any torque needed at the input axe of the gearbox, just modifying the displacement of the pump (of course, there will always be limits on the pump displacement). At the same time, its efficiency is higher at a wider RPM range compared with the traditional concept of variable displacement pumps (Wadsley 2011) .
In the associated model, the efficiency of the motor and motor/pump is taken directly from the efficiency maps proposed in (Wadsley 2011) 
Hydraulic Accumulators
The model of the hydraulic accumulator is inspired in the work published in (Baseley et al., 2007) . More complex and accurate models (Y. L. Chen et al., 2012 , Kim and Filipi 2007) have not been considered because, as mentioned previously, the main goal of this work is not to have an exhaustive hydraulic model but to F. SORIANO, M. MORENO estimate the impact of a hydrauli RCV.
The size of the accumulators has been estimated fulfilling the manufacturer requirements (Hydac 2013) The whole proposed system is a bladder accumulator, whose behaviour is supposed to be adiabatic, filled with nitrogen. The expression used to calculate the accumulator sizing is:
Where: P 0 : Gas pre-charge pressure (bar). P 1 : Lower working pressure (bar). P 2 : Higher working pressure (bar). ∆V: Volume at P2 -volume at P1 (m V 0 : Effective gas volume (m 3 ).
The expression used to estimate the inner pressure from the accumulated volume is:
and the expression used to estimate the energy stored in a compression between any two states 1 and 2 is:
Lower working pressure (bar). V x : Effective gas volume at status x The efficiency of this system is estimate because it depends on the heat exchange with the environment. As the vehicle speed and the ambient temperature change, the convection coefficient is difficult to estimate. In this work, the efficiency of the hydraulic accumulator used for calculations is 0.9 (Baseley et al., 2007) . This is implemented in the model applying the corresponding pressure loss on the discharge phase of the accumulator 2007), as represented in Figure 8 . The size of the accumulators has been estimated manufacturer requirements (Hydac 2013 ). The whole proposed system is a bladder accumulator, whose behaviour is supposed to be adiabatic, filled with sion used to calculate the
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(m 3 ).
The expression used to estimate the inner pressure (2) the expression used to estimate the energy stored in a compression between any two states 1 and 2 is: The efficiency of this system is always difficult to estimate because it depends on the heat exchange with the environment. As the vehicle speed and the ambient temperature change, the convection coefficient is difficult to estimate. In this work, the efficiency of the or used for calculations is 0.9 This is implemented in the model applying the corresponding pressure loss on the discharge phase of the accumulator (Baseley et al., The model of the body of the RCV used for estimations is a Ros Roca Cross Body with a Ros Roca UPC lifter (both hydraulically powered). In this work, the body ancillaries' energetic consumption is simplified to its pressure and flow consumption. The pressure is taken from a pressure sensor installed on the hydraulic line at the output of the oil pumps as in (Soriano et al., 2014) . The flow ( considering the RPM of the engine (J1939 SPN 190) ; the displacement of the pump The leakage is estimated as in (Soriano using the maps provided by the pump manufacturer. 
Internal Combustion E
In this paper, the engine element is reduced to the optimal consumption curve of the BSFC map (the gas engine in Figure 5 ) which will estimate the fuel consumption, the torque, and RPM in the function of demanded power (see Table 2 The fuel necessary to restart the engine when it is off has been parameterized and introduced in the simulation of the powertrain. As no specific literature for heavy duty engines has been found, this parameter has been taken from a smaller engine (Matsuura its value corrected based on the displacement ratios (estimated to be 10.5 g for this study).
Parameters of the optimal consumption curve of the ICE The model of the body of the RCV used for estimations is a Ros Roca Cross Body with a Ros Roca UPC lifter (both hydraulically powered). In this work, the body ancillaries' energetic consumption is simplified to its pressure and flow consumption. The re is taken from a pressure sensor installed on the t of the oil pumps as in . The flow (4) is estimated considering the RPM of the engine (J1939 SPN 190) ; the displacement of the pump (D, cc/rev) and its leakage.
he leakage is estimated as in (Soriano et al., 2014 ) using the maps provided by the pump manufacturer.
Leakage (4) Graphic representation of the load and unload curve of the bladder accumulator (adiabatic with 90%
Engine
In this paper, the engine element is reduced to the optimal consumption curve of the BSFC map (the gas 5) which will estimate the fuel consumption, the torque, and RPM in the function of the demanded power (see Table 2 ).
The fuel necessary to restart the engine when it is off has been parameterized and introduced in the simulation n. As no specific literature for heavy duty engines has been found, this parameter has been (Matsuura et al., 2004 ) and its value corrected based on the displacement ratios (estimated to be 10.5 g for this study).
Parameters of the optimal consumption curve of the ICE. The first mode is the vehicle transport mode, in which the drive cycle is characterized by higher speeds and slower power transitions; this mode corresponds to the travel from the base to the urban zone and vice from the urban zone to the landfill/transfer station and vice-versa. In this mode, the engine is usually working in the area marked as '3' in Figure 4 The second mode is the refuse (performed in the urban zone). In this mode, the vehicle is accelerated and slowed aggressively from one bin collection to the next one. When the vehicle is stopped, the ancillaries are actuated. In this mode, the working points of the engine change constantly am '1', '2', and '3' of Figure4.
Due to the fact that different RCV route segments have different power demand characteristics, the capacity to know in which RCV route segment the vehicle is working is an advantage for the management algorithms in case of hybrid power trains. The transport mode has typical power consumption values of 90 to 120 kW with no transients; the collecting mode has typical power consumption values of 17 to 25kW with significant number of transients.
In a previous work (Soriano et al. information about the drive cycles in an RCV can be found. An algorithm based on artificial intelligence (AI) is also proposed to identify if the vehicle is working in 'collecting mode' or 'transport mode'. In the present work, this information is assumed available.
ICE CONTROL STRATEGY
Based on the state of charge (SOC) of the accumulators and the 'Engine Status', the ICE control strategy (Figure 9 and Equations 5 to 8) is defined by a deterministic algorithm. The ICE control is inspired in (Kim and Filipi 2007) The first mode is the vehicle transport mode, in which the drive cycle is characterized by higher speeds and mode corresponds to the travel from the base to the urban zone and vice-versa, or from the urban zone to the landfill/transfer station and versa. In this mode, the engine is usually working 4. e refuse-collecting mode (performed in the urban zone). In this mode, the vehicle is accelerated and slowed aggressively from one bin collection to the next one. When the vehicle is stopped, the ancillaries are actuated. In this mode, the working the engine change constantly among the areas Due to the fact that different RCV route segments have different power demand characteristics, the capacity to know in which RCV route segment the e for the management algorithms in case of hybrid power trains. The transport mode has typical power consumption values of 90 to 120 kW with no transients; the collecting mode has typical power consumption values of 17 to 25kW with et al., 2015), detailed information about the drive cycles in an RCV can be found. An algorithm based on artificial intelligence (AI) is also proposed to identify if the vehicle is working in sport mode'. In the present work, this information is assumed available.
Based on the state of charge (SOC) of the accumulators and the 'Engine Status', the ICE control to 8) is defined by a control is inspired in but parameterized, meaning that , P mean ) can be changed during the drive cycle depending on a higher layer At the abscissa axis, the state of charge (SOC %) of the ESS is shown; at the ordinate axis, the power demanded to the engine is shown.
The ICE has two operating modes: running and stopped. When the SOC of the ESS reaches SOC (limit SOC value at which the engine can generate energy), the engine mode becomes stopped and it will be switched again to running mode only if the SOC falls below SOC 100 (value below which the power demanded to the engine is increased proportionally reaching 100% power at SOC zero). When the ICE is stopped, it has no consumption and each time the ICE is started, it consumes the fuel amount specified in the engin When the engine is running, it follows the following rules:
If the SOC of the ESS is between two values (SOC and SOC Limit ), the power demanded from the ICE is the average value of a drive cycle, or part of a drive cycle (P mean ).
In a previous work authors (Soriano identified RCVs have two main driving modes on drive cycles: the refuse collection and the transport. The average power demand (P mean mode was about 17 kW to 25 kW, the average power demand in the transport mode is about 90 kW to 120 kW, the average power demand of the whole service (including both modes) is between 40 kW to 70 kW. In this previous work authors als driving mode can be identified by the use of neural networks.
If the SOC of the ESS is below SOC demanded from the ICE will increase proportionally to the distance to SOC 100 , reaching the maximum nominal power (P max ) of the ICE when the SOC is zero.
The following equations summarize the control algorithm used for the engine control: At the abscissa axis, the state of charge (SOC %) of the ESS is shown; at the ordinate axis, the power demanded to the engine is shown.
The ICE has two operating modes: running and stopped. When the SOC of the ESS reaches SOC Limit (limit SOC value at which the engine can generate energy), the engine mode becomes stopped and it will be switched again to running mode only if the SOC falls (value below which the power demanded to the engine is increased proportionally reaching 100% power at SOC zero). When the ICE is stopped, it has no consumption and each time the ICE is started, it consumes the fuel amount specified in the engine model.
When the engine is running, it follows the following If the SOC of the ESS is between two values (SOC 100 ), the power demanded from the ICE is the average value of a drive cycle, or part of a drive cycle ork authors (Soriano et al., 2015) identified RCVs have two main driving modes on their collection and the transport. The mean ) in the refuse collection mode was about 17 kW to 25 kW, the average power demand in the transport mode is about 90 kW to 120 kW, the average power demand of the whole service (including both modes) is between 40 kW to 70 kW. In this previous work authors also demonstrated that the driving mode can be identified by the use of neural If the SOC of the ESS is below SOC 100 , the power demanded from the ICE will increase proportionally to , reaching the maximum nominal f the ICE when the SOC is zero. The following equations summarize the control algorithm used for the engine control: 
COMPONENT SIZING AND PARAMETER TUNING
In this work, the parameters SOC 100 and SOC Limit have been set to 30% and 70%, respectively. The P mean parameter will be controlled in two different ways, which will define two control strategies.
In the first powertrain control strategy, it is supposed that the AI system, which identifies the current driving mode (vehicle transport and refuse-collecting drive cycle), is unavailable. The neural network algorithms to do that identification were presented in a previous work (Soriano et al., 2015) . As the average power (P mean ) of the whole drive cycle is between 40 kW and 70 kW in the previously analyzed cycles, and in this spectrum, the highest efficiency is found at 70 kW, this value is chosen as P mean .
In the second powertrain control strategy, the AI system is available. The average power (P mean ) during the refuse-collecting mode is about 17 kW to 25 kW and the average value during the vehicle transport mode is about 90 kW to 120 kW. Using the same criteria previously mentioned, the P mean is set to 25 kW during the refuse-collecting mode and to 100 kW during the transport mode.
As the bladder accumulators (ESS) are cheap components compared with the cost of an ICE or an RCV body, its cost has not been considered for the powertrain dimensioning, knowing that the main limitation of an RCV is its volume (the volume occupied by these components cannot be used to transport refuse which affects machine productivity): Given that the bladder pack would be placed between the chassis cabin and the body, and the refuse body will have to be moved backwards, all this room will be filled with bladders, resulting to a final volume of 700 liters (7 bladders multiplied by 100 l/bladder). Pressures P0, P1, and P2 would be 153, 170, and 450 bar, respectively, which are the usual values for hydraulic circuits and are useful for the selected motor.
The hydraulic motor and pump have been sized according to the needs of an RCV powertrain as the one studied in this paper (maximum torque 1200 Nm and maximum speed 2450 RPM), which are the standard values for this type of technology. Commercial proposals with similar figures can be found in the market.
As the energy stored in hydraulic bladders is minimal (7760 kJ considering the previously mentioned volumes and pressures), a downsizing criteria cannot be applied to the internal combustion engine, and it has to deliver the same amount of power of the original ICE. As a result, the original ICE remains the same.
CALCULATION ENGINE
The calculation engine of this paper has been developed in Matlab.
Using data from the routes introduced in Table 1 , two vectors (RPM and power) containing samples at 0.1 Hz during the whole collecting work (about 7 to 8 hours), have been generated daily for 15 days.
In the calculation engine, the ICE RPM and torque values were extracted from the logged and postprocessed data.
Two different hardware architectures have been simulated, a standard ICE and a hybrid series powertrain.
For the standard ICE, at each time sample (at 0.1 s), the algorithm estimates:
The instantaneous power generated by the ICE, based on the logged data.
Based on the power and RPM, it searches the BSFC. Multiplying the two previous values (power (kW) and BSFC (g/kWh)), it estimates the instantaneous consumption, which is integrated on the whole route to get the total fuel consumption.
To estimate both powertrains in the maximum possible equity conditions, the intervals of time when the powertrain is not generating useful energy (idle) have been set to zero consumption. This is representative of a start/stop vehicle.
For the hybrid hydraulic powertrain, at each time sample (at 0.1 s), the algorithm estimates: Figure 10 . Detail of the ICE fuel estimation flow. The instantaneous power generated by the ICE, based on the SOC of the ESS in the previous instant. Based on the motor torque and the rail pressure, the displacement of the pump and the oil flow are estimated.
The instantaneous power consumption of the motor, based on the logged data. Using the instantaneous motor torque, the hydraulic rail pressure and the variable displacement of the pump, the pump displacement and the oil flow are estimated.
If the addition of the two previous values is negative, it means that there is lack of power that is supplied by the ESS. If it is positive, the power excess is stored on the ESS. Figure 11 summarizes how the simulation process of the powertrain is implemented. Logged files corresponding to real routes are used to feed the algorithm which is executed in quasistatic mode. As the acquisition frequency was adjusted to 10 Hz, the file contains one register for each 0.1 s of the route.
The input parameters of the algorithm are displayed in boxes. The output parameters are showed in balloons.
The pressure at the high pressure line 'Prail' and the motor torque Ƭmotor' define the displacement of the hydraulic motor:
The displacement and the RPM of the motor define the 'Oil Flow Consumed' from the high pressure line. The pump displacement and the pump flow are estimated in the same way.
As mentioned previously, the simulation is executed in quasistatic mode so no transients on the engine, pumps or motor are considered. No models for the losses on the hydraulic lines have been considered.
The body ancillaries are designed to work at constant flow so they cannot be fed from the bladders, which would feed the ancillaries following an adiabatic discharge curve which determines pressures instead of flows. When the vehicle is stopped and the ancillaries need power, they will be fed from the engine and pump at the nominal flow.
Based on the power generated by the engine and its BSFC map, the instantaneous fuel consumption is estimated.
The whole route consumption is approximated by integration, considering the initial SOC of the hydraulic ESS is 100%. Table 3 summarizes the results of the simulations with different powertrains. In the first column, the route number according to Table 1 is displayed. In the second column, the result of the ICE consumption in kg for each route is shown at the bar's left. In the third column, the result of the Hybrid Hydraulic powertrain with no AI adaptation to the different driving modes can be found. In the fourth and last column, the result of the Hybrid Hydraulic powertrain with AI adaptation is presented.
SIMULATION RESULTS
To get an easier reading of Table 3 , all their values have been reduced to the equivalent fraction of the ICE consumption, at the bar's right. In addition, the global average value for the 15 routes has been estimated and presented in Table 3 . Table 3 . Fuel consumption (kg) of the different architectures.
The energy supplied to the system from the ESS (estimated as SOC change between the start and end of the route), which is in fact replacing part of the fuel consumed, is not included in Table 3 . After estimating these ESS energy consumption values they have been found to be clearly two orders of magnitude lower than the values of fuel energy consumption. Therefore, these terms have been neglected.
As mentioned previously, simulation has been executed in quasistatic mode, which means that the transients have not been modelled and some of the losses, such as intermediate positions on the directional valve, unfinished displacements of the variable displacement pumps, or pressure drops in the lines have been ignored because of representing a lower order of magnitude. Therefore, the results of the simulations should not be understood as a final value of the powertrain improvements but as an asymptotic value, i.e., the better the powertrain components' control strategy is, the closer the consumption results will be to these values.
It can be appreciated that the Hybrid Hydraulic powertrains, both with and without zone recognition, show relevant fuel efficiency improvements if compared when conventional powertrains.
ANALYSIS AND CONCLUSIONS
When comparing the ICE and the Hybrid Hydraulic without neural adaptation, the average efficiency improvement is about 10% to 11%. When comparing the Hybrid Hydraulic with neural adaptation, the average efficiency improvement is about 13% to 14%.
That means that most of the improvement is due to hardware modification. However, the implementation of the neural recognition system remains interesting because its implementation in an industrialized system has a very low cost (just software development and maintenance) and the impact is still meaningful in terms of fuel consumption.
With regard to its potential industrialization, the implementation of hybrid hydraulics is a very interesting option. On the one hand, there is a very deep experience in the implementation of these components in commercial vehicles and mobile machines. On the other hand, the fact of being series production components means that they will have low cost and high reliability, compared to components that are currently produced in smaller series such as supercapacitors or batteries (when batteries are not related to big series automotive applications).
Finally, the hybrid electric powertrain remains an interesting area to be studied, and the development of this study is the goal of the second part of this work.
